1.. Introduction
================

Any major item of industrial machinery requires a certain degree of condition monitoring to enhance availability and plant safety. Often, one such monitoring technique is vibration based, that is, decisions regarding the repair or replacement of a machine part, overhauls, and standard maintenance are made on the basis of the measured condition of the machine. Proper machine condition monitoring procedures can result in lower maintenance costs and prolonged machine life.

Measuring vibration is very essential in detecting and diagnosing any deviation from normal conditions. The use of conventional piezoelectric accelerometers in vibration measurements is well known and accepted, but at high cost especially if simultaneous multiple data collection points are required e.g. wireless sensing networks; this is mainly because of their size, compatibility with the CMOS technology, cost and the price of the associated electronic signal conditioning circuits.

The recent advances in wireless and embedded system technologies such as Micro-Electro Mechanical systems (MEMS) sensors hold a great promise for the future of wireless smart vibration measurement based condition monitoring which are much cheaper alternatives. It has a built-in signal conditioning unit. The cost of MEMS accelerometer may be just 10% more or less compared to the commercially available cheapest conventional accelerometer together with the signal conditioning unit. According to mstNew of February 2007, in 2009, the total market for accelerometers is expected to have attained \$ 630 million. The average price of MEMS accelerometer across all applications decreases, from an average of \$ 2.50 in 2004 to less then \$ 1.90 in 2009, with consumer applications driving to price erosion. There are a number of research studies in the literature \[[@b1-sensors-08-00784]-[@b9-sensors-08-00784]\] about MEMS accelerometers construction, mounting considerations, and measurement principle and performance evaluations.

MEMS-technology is widely used in some sectors such as automotive industry for measuring pressure, temperature and in air bags systems. However the use of the MEMS accelerometers for electromechanical plants condition monitoring is still limited to testing stage in the laboratory experiments; Sabin \[[@b10-sensors-08-00784]\] has used the MEMS accelerometer together with a conventional accelerometer for measuring the vibration of a pump during its normal operation. Sabin \[[@b10-sensors-08-00784]\] found that the frequency content from both sensors were in good agreement. However, no rigorous investigation has been done to compare the performance of these MEMS accelerometers which are used for measuring the different kinds of signals -- sinusoidal, random, and impulsive signals \[[@b11-sensors-08-00784]\]. Hence, the performance of three of these MEMS accelerometers compared with a well known commercial accelerometer to understand the usefulness of these MEMS accelerometers are discussed here through a simple test facility.

2.. MEMS Accelerometer
======================

MEMS accelerometers are divided into two main types: Piezoresistive and capacitive based accelerometers \[[@b12-sensors-08-00784]\]. Piezoresistive accelerometers consist of a single-degree of freedom system of a mass suspended by a spring. The MEMS accelerometer has also a cantilever beam with a proof mass at the beam tip and a Piezoresistive patch on the beam web. The schematic of a Piezoresistive MEMS accelerometer is shown in [Figure 1(a)](#f1-sensors-08-00784){ref-type="fig"}. The inertia of the mass causes a change in the gap between the mass and the bulk of the device made of the silicon wafer when the device is subjected to acceleration. The mass may move out of the plane of the silicon wafer or in the plane (as is common in surface micro-machined devices). The electric signal generated from the Piezoresistive patch and the bulk device due to vibration is proportional to the acceleration of the vibrating object. Capacitive based MEMS accelerometers measure changes of the capacitance between a proof mass and a fixed conductive electrode separated by a narrow gap \[[@b13-sensors-08-00784]\]. The schematic of a capacitive MEMS accelerometer is shown in [Figure 1(b)](#f1-sensors-08-00784){ref-type="fig"}. Further information about the MEMS accelerometers working principles could be found in papers \[[@b1-sensors-08-00784]-[@b7-sensors-08-00784]\].

The choice of accelerometers depends on several factors and some of them are listed below: **Sensitivity** is the ratio of its electrical output to its mechanical input. The output usually is expressed in terms of voltage per unit of acceleration. The specification of sensitivity is sufficient for instruments which generate their own voltage independent of an external voltage power source. The sensitivity of an instrument requiring an external voltage usually is specified in terms of output voltage per unit of voltage supplied to the instrument per unit of displacement, velocity, or acceleration, e.g. milli-volts per volt per g of acceleration.**Amplitude Limit** specifies the maximum range of acceleration that can be measured by the accelerometer.**Shock Limit** is the maximum level of acceleration the accelerometer can withstand without causing damage to the unit.**Natural Frequency** is the frequency at which an undamped system with single degree of freedom will oscillate upon momentary displacement from its rest position. It determines the useful range of vibration measurement.**Resolution** is the smallest change in mechanical input (e.g. acceleration) for which a change in the electrical output is discernible. The resolution of an accelerometer is a function of the transduction element and the mechanical design. Recording equipment, indicating equipment, and other auxiliary equipment used with accelerometers often establish the resolution of the overall measurement system.**Amplitude Linearity** is the degree of accuracy that an accelerometer reports the output in voltage terms as it moves from being excited at the smallest detectable acceleration levels to the highest. This accuracy is qualified by its linearity, with a 1% deviation desirable.**Frequency Range** is the operating frequency range is the range over which the sensitivity of the transducer does not vary more than a stated percentage from the rated sensitivity. The range may be limited by the electrical or mechanical characteristics of the transducer or by its associated auxiliary equipment.**Phase Shift** is the time delay between the mechanical input and the corresponding electrical output signal of the instrumentation system.

More factors could also be considered such as the following: Environmental factors (such as temperature, humidity, electromagnetic noise tolerances, etc.)Sensor mounting options.Mounted resonant frequency.Grounding (isolated on non isolated).Transverse sensitivity.Mechanical resistance to wear, moisture, etc.Dimensions.

3.. Test Setup
==============

A schematic of the Test setup is shown in [Figure 2](#f2-sensors-08-00784){ref-type="fig"}. The setup consists of a small shaker linked to a shaker power amplifier, signal generator, and a PC based data acquisition for data collection and storage for further signal processing in MATLAB. Four accelerometers (one conventional accelerometer (piezo) and other three MEMS accelerometers (capacitive) were attached back to back on the armature attached to the shaker.

The conventional accelerometer and the MEMS accelerometers technical specifications are briefly listed in [Table 1](#t1-sensors-08-00784){ref-type="table"}. The model numbers and the manufacturer\'s names of the MEMS accelerometers used in the experiments are deliberately not mentioned, as the intention is to share the experiences among several engineers and researchers involved in the area of vibration sensing and condition monitoring. Moreover, the MEMS accelerometers were packaged in metal containers with same size and weight (30g) to make them more robust for industrial use. The accelerometers were locked to the area of measurement using rapid glue. The MEMS mounting faces are circular. Their power supplies were stabilized to 5 volts using a solid state voltage regulator to avoid the power supply effects on the sensitivity. It is expected that such experience and observations presented in the paper would enhance the confidence level in performance evaluation and the reliability of the measured vibrations in future wireless sensing nodes.

4.. Results and Discussion
==========================

In practical applications, accelerometers are usually used for measuring the periodic (sinusoidal, sweep-sine, step-sine, multi-sine, etc.), impulsive, and random signals, hence, these tests were carried out on the test setup shown in [Figure 2](#f2-sensors-08-00784){ref-type="fig"} and results were compared. The responses of all accelerometers were collected simultaneously using BNC shielded cables and each output was connected to a four pole Butterworth response band pass filter of 7 to 3,000 Hz; to eliminate noise, interference and to avoid antialiasing. The data were collected at a sampling frequency of 9 kHz; averaged and Hanning windowing was employed for all tests.

4.1.. Periodic Excitation
-------------------------

Sinusoidal signals were applied to the shaker at two frequencies 53Hz and 95Hz deliberately away from the line frequency of 50Hz and its harmonics. A number of experiments were performed at these two frequencies with different amplitude levels of shaker excitation and responses were simultaneously measured from all accelerometers.

A few typical measured responses both in time and frequency domain are shown in [Figures 3](#f3-sensors-08-00784){ref-type="fig"}, [4](#f4-sensors-08-00784){ref-type="fig"}, [5](#f5-sensors-08-00784){ref-type="fig"}, [6](#f6-sensors-08-00784){ref-type="fig"}, [7](#f7-sensors-08-00784){ref-type="fig"}, [8](#f8-sensors-08-00784){ref-type="fig"}, [9](#f9-sensors-08-00784){ref-type="fig"} and [10](#f10-sensors-08-00784){ref-type="fig"}. No distortion is observed in the measured responses by the MEMS accelerometer (A), the sensitivity also almost stable, but MEMS (B) and (C) responses exhibit some distortion and this becomes bigger at lower frequency and g levels. There is also a significant shift in phase and the sensitivity compared to the reference accelerometer. In fact, the estimated sensitivity based on reference accelerometer seems to be varying from 37mV/g to 50mV/g for MEMS (B), and varies from 63mV/g to 111mV/g for MEMS (C). Phase shift is not constant with respect to the reference accelerometer responses which are clearly seen in the time response plots in [Figures 3](#f3-sensors-08-00784){ref-type="fig"} to [10](#f10-sensors-08-00784){ref-type="fig"}. It is noted the presence of a component at 600 Hz in all the responses; this is believed to be the test set up resonance.

4.2.. Impulsive Excitation
--------------------------

In the same experimental setup, the impact excitation was given at the centre of the armature using a soft tip hammer within the frequency band of excitation up to 250-300Hz. Time domain responses of averaged three impacts for all accelerometers are shown in [Figure 11](#f11-sensors-08-00784){ref-type="fig"}. The measured responses are typically decay type responses as expected for the impact excitation by both accelerometers with maximum amplitude of 0.5g. However, the estimated MEMS accelerometers sensitivities once again are found to be 43, 53 and 119mV/g respectively which are close to the earlier estimated values for MEMS A and B, and different for MEMS C.

A slightly slower decay in the response seen in the MEMS accelerometers compared to the reference accelerometer is also observed. To understand this typical behavior of the MEMS accelerometer, the averaged spectra of the 3 decay responses were computed for both accelerometers and compared as shown in [Figure 12](#f12-sensors-08-00784){ref-type="fig"}. The presence of the frequency peaks is consistent in MEMS A and B responses with the reference accelerometer; however the peaks amplitudes are not exactly the same. For MEMS C the frequency components and their amplitudes are not the same.

4.3.. Random Excitation
-----------------------

Similar to the sinusoidal tests; the shaker was excited with random excitation in a frequency band from 10Hz to1.5 kHz with different amplitudes. Averaged accelerometers responses in time and frequency domains are shown in [Figures 13](#f13-sensors-08-00784){ref-type="fig"} and [14](#f14-sensors-08-00784){ref-type="fig"}. All accelerometers responses look identical in time and frequency domains, but here again the estimated sensitivity found to be not stable for MEMS (C). For the MEMS (A) and (B) it is close and not much different from the estimated sensitivity during the sinusoidal tests.

To determine the linearity in the measurement over the frequency band of excitation and phase shift, the frequency response function (FRF- the transfer function in frequency domain) has also been calculated assuming the responses of the MEMS accelerometer as the output and the reference accelerometer responses as the input. Both the amplitude and phase FRF plots are shown in [Figures 15](#f15-sensors-08-00784){ref-type="fig"} and [16](#f16-sensors-08-00784){ref-type="fig"}. The response spectra shown in [Figure 14](#f14-sensors-08-00784){ref-type="fig"}; shows satisfactory performance for MEMS (B) and for MEMS (A) for frequencies over 150 Hz. MEMS (C) performed not very well and this is confirmed in the FRF and phase shift plots; shown in [Figures 15](#f15-sensors-08-00784){ref-type="fig"} and [16](#f16-sensors-08-00784){ref-type="fig"}.

5.. CNC Machine Monitoring Results
==================================

Data were also collected using MEMS accelerometers from a CNC machine in a typical industrial environment; see [Figure (17)](#f17-sensors-08-00784){ref-type="fig"}. The vibration of the CNC machine was collected under a speed of 2400 rpm. Time and frequency domains of both data sets are shown in [Figure (18)](#f18-sensors-08-00784){ref-type="fig"}. A satisfactory performance is achieved by both MEMS (A) and (B) accelerometers as expected and this was comparable and in good agreement with the conventional accelerometer. The fundamental speed and its harmonics (40, 80 and 160Hz) are measured by both accelerometers, line frequency and its multiples also exist in the frequency domain spectrum.

6.. Conclusions and Future Work
===============================

The performance tests of typical three MEMS accelerometers are carried out for different excitations including sinusoidal, impulse and random. The measured responses of the MEMS accelerometers were compared with a well accepted commercially available ICP type accelerometer.

The MEMS accelerometer (A) performed well for the sinusoidal and random measurements though a very small shift in phase (approx. less than 1%) was observed, and the frequency peaks content is also found to be the same for the impact excitation.

The MEMS accelerometer (B) shows good performance for the sinusoidal and random measurements. Compared with MEMS accelerometer (A); a bigger shift in phase; approximately 5% was observed and the frequency peaks content was also found to be the same for the impact excitation.

The performance of MEMS accelerometer (C) seems to be very poor for the sinusoidal and random measurements. Compared with MEMS accelerometers (A) and (B); a substantial noise and shift in phase are observed; although this accelerometer is not suitable for machinery condition monitoring it could be indeed used for other suitable applications.

Hence, for vibration based condition monitoring MEMS (A) and (B) are expected to perform well and this was demonstrated by capturing fundamental running frequency, its multiples, the main line frequency and its multiples of a CNC machine within a typical industrial environment. The data collected showed lots of noise including extra un-interpretable peaks which could be due to the nature of the MEMS accelerometers structure.

MEMS sensors could be a good alternative to standard sensors mainly for wireless implementation as there is no need to carry heavy charge amplifiers, but the choice has to be made according to specifications and through validation tests. MEMS sensors have also to resist harsh environments using an appropriate packaging. More investigations with various MEMS accelerometers to understand the future direction for improvements are being carried out.
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###### 

Accelerometers technical specification

                             **Conventional**     **MEMS (A)**             **MEMS (B)**              **MEMS (C)**
  -------------------------- -------------------- ------------------------ ------------------------- -------------------------
  **Sensitivity**            100 mV/g for Vs=5V   140-195 mV/g for Vs=3V   225-275mV/g for V~s~=5V   450-550mV/g for Vs = 3V
  **Frequency range (Hz)**   1--2,000             1--6,000                 1--10,000                 1,500
  **Amplitude limit (g)**    +/-50                +/-5                     +/-3                      +/- 3
  **Linearity**              \<±5%                ±1%/1kHz                 ±1%/5kHz                  ±1%/1kHz
  **Shock limit (g)**        5000                 250                      1000                      100
  **Resolution (mg)**        3                    2                        \<0.1                     0.3
